AND CONCLUSIONS 1. Microstimulation is used to investigate how activity in the superior colliculus (SC) contributes to determining the properties of primate saccadic eye movements. The site of collicular stimulation, the duration of the stimulation train, and the frequency of the stimulation train are each varied to examine the relative contributions of the locus, duration, and level of collicular activity to determining saccade amplitude, direction, duration, and velocity.
Microstimulation
is used to investigate how activity in the superior colliculus (SC) contributes to determining the properties of primate saccadic eye movements. The site of collicular stimulation, the duration of the stimulation train, and the frequency of the stimulation train are each varied to examine the relative contributions of the locus, duration, and level of collicular activity to determining saccade amplitude, direction, duration, and velocity.
2. For any given site of stimulation, a relationship between movement amplitude and train duration can be demonstrated. Movement amplitude is a monotonically increasing, but saturating, function of increasing train duration. The size of the largest movement is dictated by the site of stimulation. Within the range over which amplitude can be modulated, movement offset is linked to the offset-of the stimulation train. As a result, each decrement or increment in train duration produces a corresponding decrement or increment in movement duration.
3. The peak velocity of an evoked movement is influenced by the frequency of stimulation; a higher frequency of stimulation produces a movement of higher velocity.
4. The effects of train duration and frequency can be traded to produce movements that have comparable amplitudes but different dynamic characteristics; high-velocity movements of short duration and low-velocity movements of long duration can be produced by stimulating with high-frequency, short-duration, and low-frequency, long-duration trains, respectively. Across stimulation frequencies, the amplitude of an evoked movement is best related to the total number of pulses in the stimulation train. 5. Because it is possible to compensate for reduced velocity by increasing the duration of the stimulation train, the same site-specific maximum amplitude can be attained with different frequencies of stimulation.
6. Small, but significant, changes in movement direction occur as a result of varying train duration or train frequency.
7. The latency to movement onset (i.e., interval from stimulation onset to movement onset) depends upon the frequency of stimulation. A higher frequency of stimulation produces a movement of shorter latency.
8. These data demonstrate that both the site of stimulation and the parameters of stimulation contribute to determining the properties of a movement evoked from the primate SC. In doing so, they contradict the results of early microstimulation studies that suggest that the properties of eye movements evoked from the primate SC are determined solely by the site of stimulation. The findings conflict with the traditional view of collicular function that suggests that the collicular motor representation is purely anatomic. Rather, these data support a revised view whereby the locus, duration, and level of collicular activity contribute to determining the properties of a primate saccadic eye movement. According to this view, independent information relating to desired displacement and saccade velocity are extracted from the spatiotemporal profile of collicular activity.
INTRODUCTION
Although there were earlier reports that electrical stimulation of the superior colliculus (SC) produces conjugate eye movements (Adamuk 1870; Hess et al. 1946 )) it was not until 1972 that Robinson systematically explored the effects of collicular stimulation in alert monkeys. Robinson ( 1972) found that stimulation with constant current pulse trains produces contralateral saccadelike movements having amplitudes and directions that depend on the site of collicular stimulation. Through microstimulation, Robinson revealed a topographic representation of saccade amplitude and direction, and, subsequently, Schiller and Stryker ( 1972) reported that this motor map is in topographic register with the sensory map formed by retinotopic projections to the superficial layers of the SC. Both Robinson (1972) and Schiller and Stryker ( 1972) reported that, within broad limits, the properties of stimulation-induced movements are independent of either the parameters of microstimulation or the initial location of the eye in the orbit.
Collectively, the results of Robinson ( 1972) and Schiller and Stryker (1972) argued strongly that, within the SC, information relating to the properties of a saccade are encoded solely by the spatial distribution of activity and that neither the level nor duration of activity play a role in determining the properties of the movement. First, they observed that stimulation of different collicular sites produces saccades having very different amplitudes, directions, velocities, and durations even if the parameters of stimulation (duration, frequency, pulse width, current level) are similar. Second, they reported that the properties of a movement evoked from any given site are not influenced by varying stimulation parameters even though such manipulations are presumed to affect the level and/or duration of collicular activation.
The notion of a purely anatomic code within the SC has important implications for the neural mechanisms underlying saccade programming. As noted by Robinson ( 1972) , a spatial to temporal transformation would be needed to transform a purely topographic collicular representation into the temporally formatted signals that produce saccadic movements of the eyes. Ocular motoneurons have a pulse-step discharge pattern; the high-frequency pulse causes the transient increase in muscle tension needed to move the eye at saccadic velocity and the step of activity specifies the level of steady state tension needed to hold the eye at its new location in the orbit (for reviews, see Fuchs et al. 1985; Robinson 1981; Sparks and Mays 1990) . The temporal pattern of the discharge of an excitatory burst neuron located in either the pons or rostra1 midbrain indicates that these cells provide the high-frequency pulse of activity that, via the motoneurons, drives the eye at saccadic velocity. Accordingly, the temporal profile of this premotor burst does relate to the temporal features of the saccade; burst rate correlates with saccade velocity, burst duration with saccade duration, and the total number of spikes in the burst, with saccade amplitude (Keller 1974; King and Fuchs 1979; Luschei and Fuchs 1972; Van Gisbergen et al. 198 1) .
The problem of how to transform a locus of collicular activity into premotor bursts of appropriate frequency and duration (referred to as the spatial to temporal transformation) still is unresolved. However, more recently, several lines of evidence challenge the notion of a purely topographic motor representation within the primate SC. For example, Sparks and Mays ( 1983) and Schiller and Sandell ( 1983) each reported that the amplitude of evoked movements is influenced by current strength. Further, it was demonstrated that pharmacological inactivation of collicular regions by injection of lidocaine (Hikosaka and Wurtz 1986; Lee et al. 1988) or muscimol (Hikosaka and Wurtz 1985) causes dramatic decreases in the velocity of visually guided saccades. Lee et al. ( 1988) emphasized that, despite collicular deactivation, saccade amplitude was normal because reductions in velocity were compensated for by increases in duration. The fact that saccade amplitude was impervious to presumed changes in the level of collicular activity was taken as evidence that the computation of desired displacement is based on a vector average of the movement tendencies of active cells. A further implication, deriving from the fact that deactivation could influence velocity without affecting amplitude or direction, is that independent signals for displacement and velocity are derived from the spatial and temporal profiles of collicular activity; a signal of desired displacement derives from the spatial distribution of activity, whereas the level of collicular activity influences movement velocity.
Although a vector averaging scheme accounts for the effects of collicular deactivation, it has been noted that the effect of varying current strength on the amplitude of stimulation-induced movements (Schiller and Sandell 1983; Sparks and Mays 1983) is not consistent with an averaging mechanism (Van Opstal et al. 1990 ). In a systematic study extending earlier microstimulation results, Van Opstal et al. ( 1990) reported movement amplitude to be an increasing, but saturating, function of current strength. Assuming that variations in current strength influence the size and vigor of the active collicular population, they suggested that the computation of desired displacement does, in fact, depend on the level of collicular activity. Despite apparently inconsistent observations, Van Opstal et al. ( 1990) noted that differences in the effects of deactivation and current strength might be reconciled by considering the possibility that the duration of collicular activity is important. In agreement with the deactivation studies, Van Opstal et al. ( 1990) reported decreases in movement velocity with decreases in current strength and suggest that reductions in amplitude might reflect a failure to compensate for decreases in velocity with suitable increases in the duration of collicular activation. As Van Opstal and colleagues note, neither they, nor previous investigators that varied current strength (Schiller and Sandell 1983; Sparks and Mays 1983) ) varied train duration. If true, microstimulation results and deactivation studies would together make a strong case for a dual coding scheme within the SC whereby saccade amplitude (and direction) is determined by the spatial distribution of activity according to a vector averaging scheme (a computation that is sensitive to the relative, but not the overall level of activity within the population), and saccade velocity is related to the overall level of activity. According to this scheme, collicular activity sustains the movement until the site-specific desired displacement is achieved.
The results of the present study support the hypothesis that independent signals relating to saccade amplitude and velocity are derived from the spatial and temporal aspects of collicular activity. To test this hypothesis, we have varied systematically the duration and frequency of the stimulation train. We chose to manipulate the level of collicular activation by varying frequency, rather than current strength, so that we could relate movement properties to the product of frequency and duration, the total number of pulses delivered. Consistent with the dual coding scheme, we have established a close temporal linkage between the duration of the stimulation train and the ongoing movement and a relationship between stimulation frequency and movement velocity; we also established that the effects of train duration and frequency can be traded to produce movements having the same, site-specific, amplitude but different durations and velocities; movement amplitude is best related to the total number of stimulation pulses delivered.
Our results are consistent with the effects of varying stimulation parameters on the nature of evoked orienting movements in several nonprimate species (cat: eye/head movements, Pare et al. 1994 ; barn owl: head movements, du Lac and Knudsen 1990; rat: head/body movements, King et al. 1991; Tehovnik 1989) . Collectively, the results of the present study and those from nonprimate species indicate that both the spatial and temporal aspects of collicular activity are critical to the programming of every type of orienting movement mediated by the SC, including, eye, head, and body movements. A portion of the data to be presented is the subject of a preliminary report (Stanford et al. 1993 ).
METHODS

Preparation of experimental animak
Two adult rhesus monkeys (Macacca mulatta) were prepared for microstimulation experiments. Two sterile surgical procedures were performed on each monkey using general anesthesia. During the initial surgery, a stainless steel post was attached to the skull using stainless steel screws and orthopedic bone cement (Palaces R; Smith and Nephew Richards) and a coil of fine, insulated wire secured to one eye (Judge et al. 1980) . The post was used to immobilize the head' and the eye coil permitted recordings of eye position (Fuchs and Robinson 1966; Robinson 1963) during later training and experimental sessions. During a 2-to 4-wk postoperative recovery period, monkeys were provided food and water ad libitum. Analgesics and antibiotics were administered as prescribed by an attending veterinarian.
After recovery from surgery, the monkeys were trained to fixate and generate saccades to visual targets for liquid reward. After extensive behavioral training, a stainless steel cylinder was positioned stereotaxically over a small opening in the skull during a second surgical procedure (Mays and Sparks 1980) . The cylinder, centered about the midline at stereotaxic coordinate 0 (anteriorposterior) and secured to the skull using bone screws and orthopedic cement, provided access to a circular region (-15mm diam) of dura through which a microelectrode could be lowered to the SC. All surgical and experimental protocols were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Pennsylvania Animal Care and Use Committee.
Visual targets
Visual targets were either green light-emitting diodes (LEDs) or small red spots provided by a pair of Helium-Neon lasers (Uniphhse). Target LEDs were selected from a 42 (rows) x 49 (columns) array of equally spaced LEDs. At a viewing distance of 57 in, the distance among LEDs represented 1 deg of visual angle, allowing targets to be presented over a horizontal and vertical range of 524 and 221 deg, respectively. Laser stimuli were obtained by directing the beams onto the rear of an opaque screen. For each laser, the horizontal and vertical position of the spot was controlled using a series of two (X and Y) servo-controlled mirrors (General Scanning) to deflect the beam. Spot onset and offset were controlled by TTL-gated acousto-optic modulators (IntraAction) , which gated the beam silently and with a temporal resolution of > 10 ps. All spatial and temporal aspects of the visual stimuli were controlled by either a PDP 11/73 or PC/AT computer.
Microstimulation
Constant current stimulation trains were generated using a Grass S88 stimulator in combination with a Grass PSIU6 isolation unit. Trains consisted of monopolar, cathodal pulses. Stimulation parameters, train duration, frequency, pulse duration, and current level were dictated by the experimental design (see below). Microstimulation was applied to the SC through parylene-coated, tungsten microelectrodes (Micro Probe) having impedances of between 0.9 and 1.5 MR at 1 kHz.
Behavioral tasks and experimental procedures
During training and experimental sessions, the monkey was placed in a very dimly lit room and seated in a primate chair facing either an array of LEDs or a projection screen (see above). All aspects of the experiment (e.g., visual stimuli, electrode advancement, microstimulation parameters) were controlled from an adjacent room. During data collection, the monkey performed the two ' In one monkey, some data were obtained while the head was unrestrained in an attempt to produce stimulation-induced gaze shifts (eye/head movements). Details of this procedure will be included in a separate report focusing on stimulation-induced gaze shifts (Freedman et al. 1996) . Only eye movements that were not accompanied by significant movements of the head are considered in this report. (Fig. 1, top) and stimulation ( Fig. 1, bottom) trials required fixation of an initial spot (target 0) for a variable period of time. On visual trials, target 0 was extinguished and, simultaneously, a second spot (target A) was illuminated. Reward was contingent upon execution of a saccade from target 0 to target A within 500 ms. On stimulation trials, the offset of target 0 was accompanied by the onset of a train of stimulation pulses. After the end of the stimulation-induced movement, target A was presented at a random location and the monkey was rewarded for making a saccade to target A within 500 ms.
Several features of the stimulation trial type are noteworthy. First, the initial fixation target permitted control over the initial position of the eye, thus ensuring that observed differences in the properties of stimulation-induced saccades were not orbitalposition effects. Second, both the location and onset time of target A were randomized to ensure that the amplitudes and directions of stimulation-induced movements would not reflect the programming of a saccade to an anticipated target location (Sparks et al. 1987 ). Third, monkeys were unable to predict when stimulation would occur because visual and stimulation trials were randomly interleaved and indistinguishable until the time at which the stimulation train was delivered. Finally, presenting a visual target after the stimulation-induced movement permitted reinforcement of correct performance on both visual and stimulation trials, thus ensuring a steady level of performance throughout the experimental session.
At the beginning of each experimental session, the electrode was positioned within the cylinder using a X-Y translation stage. The dura was pierced with a 2 l-gauge hypodermic needle and a parylene-coated tungsten microelectrode was advanced through the needle and down to the SC using a hydraulic microdrive. Amplified and filtered (300 Hz to 4 kHz) neural activity was monitored using an oscilloscope and an audio monitor.
The electrode was advanced until multiunit saccade-related activity could be identified within the SC* and microstimulation with a standard stimulation train (50 ms, 500 pulses/s, 0.5 ms/pulse, 25-50 PA) reliably produced saccades. The parameters of the standard train were chosen to be the same or comparable with those used in earlier stimulation studies of the primate SC (Robinson 1972; Schiller and Stryker 1972;  2 and 3 for one monkey subject. As has been shown to be typical for both man (Bahill et al. 1975; Robinson 1964; Westheimer 1954) and monkey (Fuchs 1967)) increases in both peak velocity and duration are associated with increasing saccade amplitude. As is consistently observed from subject to subject, peak velocity is a nonlinear, saturating function of saccade amplitude ( -5, 10, 15, 20, 25 , and 30 deg. Note that, because of the saturating relationship between peak velocity and amplitude, a relatively prolonged deceleration phase is required to accomplish larger movements (Fig. 2B ). The resulting asymmetry in the velocity profile is a common characteristic of large-amplitude saccades (Baloh et al. 1975; Hyde 1959; Van Gisbergen et al. 1984) .
Although not so great as to obscure the general relationships, there is considerable variability in the velocity and duration of saccades of a given amplitude ( Fig. 3C ) deg to illustrate some of the qualitative differences that have been described previously (Bon and Lucchetti 1988; Van Gisbergen et al. 1984; Van Opstal and Van Gisbergen 1987) . In particular, for a given amplitude, saccades of lower velocity (thin traces) tend to be less symmetric (e.g., Fig. 3B ) and are more likely to demonstrate irregularities in shape (e.g., Fig. 3A ).
Stimulation-induced movements Time (msec) Numerous studies have shown that microstimulation of the SC produces movements that are qualitatively, if not quantitatively, similar to visually guided saccades. Figure 4 illustrates movements elicited by stimulation of four different sites within the SC of one monkey. The parameters of stimulation are identical in all cases (80-ms train, 500 pulses/s, 50 PA). For each site, the horizontal position (Fig.  4 , A-D) and velocity (Fig. 4 , E-H) traces of three stimulation-induced movements are superimposed (For clarity, position and velocity profiles are shown for the major component only). The qualitative similarity of these stimulationinduced movements to the visuallv guided saccades shown in Fig. 2 is evident; both peak velocity and duration increase with movement amplitude, and, as for visually guided saccades, larger movements demonstrate a greater degree of asymmetry due to a relatively prolonged deceleration phase. For these four sites, which produced movements ranging in amplitude from 8 (Fig. 4 , A and E) to 35 deg (Fig. 4 , D and H), velocity ranged from <500 to >800 deg/s and duration from 26 to 76 ms, values that fall within a range that is normal for visually guided saccades.
Given that the parameters of stimulation were identical, differences in the amplitude, velocity, and duration among the movements shown in Fig . Means + SD: site tb22fe, 7.6 -+ 0.4 deg, n = 9; site tbl9fe, 1 1.3 _+ 0.5 deg, n = 6; site tc23fe, 22.8 + 1.1 deg, n = 7; site talOfe, 34.9 _+ 2.9 deg, n = 1 1. Mean peak velocity (above) and duration (below) are indicated to the right of the corresponding velocitv profiles. Fig. 4 , it was concluded in earlier reports that the site of stimulation, not the parameters of stimulation (e.g., train duration), determines the properties of an evoked movement (Robinson 1972; Schiller and Stryker 1972) . Although it is clear from Fig. 4 that termination of an evoked eye movement does not require termination of the stimulation train, these data do not preclude the possibility that continued activation of the SC is needed to sustain the movement until the amplitude that is characteristic of a given site is accomplished. To test the hypothesis that continued activation of the SC is required to sustain the movement, we systematically varied the duration of the stimulation train at each site. If true, it should be possible to demonstrate a temporal linkage between stimulation offset and movement offset by decreasing the duration of the stimulation train; when train duration no longer meets or exceeds some critical value (i.e., that which is just sufficient to produce the site-dependent amplitude), the movement will be truncated and its termination will be linked to the offset of the stimulation train.
Effects of vurying train duration
For sites at which stimulation produced movements of relatively large amplitude and long duration (e.g., For each train duration, the position (left) and velocity (right) profiles of three movements are superimposed, aligned with respect to stimulation onset (t = 0). For this site, a relationship between train duration and movement offset, best appreciated by examining the velocity profiles, is suggested for trains in the range from 80 to 20 ms. A decrease in train duration from 100 to 80 ms does not change any aspects of these movements, but, <80 ms, a decrease in movement duration and a corresponding decline in movement amplitude roughly parallels the decrease in train duration? The systematic effects of varying train duration on movement amplitude and duration are further illustrated in Fig. 5F which superimposes the movement profiles for all train durations.
For trains that are too brief to produce the maximum possible amplitude, a change in the velocity profile of the ongoing movement can be seen -lo-14 ms after offset of 3 On some trials, termination of the stimulation-induced movement was followed immediately by a small movement in the opposite direction (e.g., Fig. 5 , C-E).
For our analyses, the end of the movement is considered to be the time at which velocity initially crosses 0. the train. This is apparent when, as shown in Fig. 6 , averaged velocity profiles for movements evoked by different train durations are superimposed. Each trace represents an average of between 5 and 10 individual movements, aligned on stimulation onset (t = 0: stimulation onset; sample interval: 2 ms). Viewed in this way, the effect of decreasing the duration of the stimulation train is readily apparent as the difference between superimposed traces. For example, Fig. 6B compares movements evoked by trains of 60 ms ( 0) and 80 ms (0) for the same site shown in Fig. 5 . The velocity traces are identical for approximately the first 70 ms (relative to stimulation onset at t = 0), but diverge thereafter. With ongoing stimulation, the "80 ms" trace (0) continues to decelerate at a relatively constant rate, whereas, at t = 70-74, or lo-14 ms after offset of the stimulation train, the "60 ms" trace (0) shows an increased deceleration. Similar results are shown in Fig. 6C (60 and 40 ms) for this site, and in Fig. 6F (30 and 50 ms) for a second site. In each case, the movements are identical until -IO-14 ms after termination of the shorter train, at which point, the profiles diverge due to the increased deceleration of the movements corresponding to the just terminated train (arrows indicate train offsets). The data shown in Fig. 6 , D, G, and H are consistent in that differences in the compared velocity profiles appear within lo-14 ms after offset of the shorter train, however, for trains this brief, the effect is to truncate the acceleration phase of movement. As a result, varying train duration in this range produces a change in peak velocity as well as duration. As shown in Fig. 4 (See also Robinson 1972; Schiller and Stryker 1972), the termination of evoked movements does not require termination of the stimulation train. Accordingly, evoked movements should be indistinguishable for any train duration that meets or exceeds that necessary to produce the site-specific maximum amplitude. The traces compared in Fig. 6 , A and E, are examples. In Fig. 6A , the movements produced by 80-and lOO-ms trains are virtually identical, as are the movements produced by the 50-and 80-ms trains shown in Fig. 6E . Although, in both cases, the briefer train ends before the movement does, failure to produce a truncated movement is consistent with an estimate of lo-14 ms as the time from the offset of the stimulation train to its manifestation as a change in the velocity profile of the evoked movement. In both cases, IO-14 ms after stimulation offset, the movement is near completion and velocity approaches 0 whether or not stimulation is ongoing.
Because of mechanisms that bring movements to a stop despite continued stimulation, sites for which the largest evoked movements are relatively small (e.g., Fig. 4 , A and E, and B and F) provide limited opportunity to influence aspects of the movement by varying the duration of the stimulation train. Figure 7 compares averaged velocity traces of movements produced by trains of 80, 40, 30, 20, and 10 ms for the sites shown in Fig. 4 , A and B. At these and similar smaZ2 amplitude sites, the most obvious effect of decreasing train duration is the decrease in peak velocity that occurs for the shortest trains (Fig. 7, D and H) . Although statistically significant effects on movement duration do occur (e.g., Fig. 7C ), the effects are small and produce only minor changes in amplitude.
The relationships between train duration and the proper- (Fig. 8A) . Above 20 ms, increases in train duration have no effect on velocity ( Fig. SC) and produce only modest increments in movement duration (Fig. 8B) crease monotonically for train durations 550 ms ( 0) and 80 ms (El), respectively. As is true for all sites, effects on peak velocity (Fig. SC) are limited mainly to the shortest trains ( 530 ms) , trains that are too brief to sustain the entire acceleration phase. An obvious difference between the small and Large amplitude sites shown in Fig. 8 is the rate at which movement duration changes with train duration. To quantify this relationship, the slope of a straight line fit to plots of movement duration versus train duration was computed. To ensure that the analysis includes only movements for which train duration was a limiting factor, movements that ended in advance of the stimulation train are excluded. To eliminate movements like those shown in Fig. 6 , A and E (open symbol), which, although ending after the stimulation train, are unlikely to have been limited by train offset, we also excluded movements that ended < 15 ms after the offset of stimulation. The results, which are summarized for 16 stimulation sites in Table 1 , 5 indicate a significant relationship (P < 0.005) between train duration and movement duration in all cases. Furthermore, the data suggest that the slope of this relationship is related to the size of the largest movement that can be evoked from a given site. Slopes range from 0.24 for a site yielding a maximal movement of 7.6 deg, to 0.95 for a site that produces maximal movement of 30.2 deg. Both the degree of correlation and the slope of the relationship between train duration and movement duration are positively correlated with maximum amplitude (correlation coefficient vs. maxamp; r = 0.72; P < 0.005; slope vs. maxamp: r = 0.80; P < 0.001).
The effect of train duration on the parameters of evoked movements was assessed statistically using a single-factor analysis of variance (ANOVA). Separate assessments were made using movement duration, velocity, amplitude, direction, and latency (the time from stimulation onset to onset of the movement) as dependent measures.< At every site, a main effect for train duration is observed for movement duration, velocity, amplitude, and direction (P < 0.001). With latency as the dependent measure, a main effect for train duration reaches significance at the P < 0.001 level at only two sites, whereas at nine sites, a significant effect is not observed (P > 0.05). The values provided in Table 2 are an index to the magnitude of the effects observed at each site. Shown for each measured parameter are the means for movements produced by short-duration (Zefi column) and long-duration (right column) trains! Consistent with the data shown in Figs. 5-8, Table 2 shows that brief stimulation trains consistently produce movements of shorter duration, lower peak velocity, and diminished amplitude. Not surprisingly, the difference in amplitude, and thus the range over which it is possible to modulate amplitude, depends on the size of the largest movement that can be evoked. For example, at site da0208, the mean amplitudes of movements produced by the longest and shortest trains differ by 1.9 deg, whereas at site talofe (bottom row), the difference is 21.7 deg. Independent of the general direction of the movement (by convention, a straight right movement has a direction of 0 deg, up = 90 deg, left = 180 deg, and down = 270 deg), the shorter trains (left column) usually produce movements with more upward directions. The effect of train duration on movement direction occurs in parallel with its effect on movement amplitude. An example of the relationship between movement direction and train duration is shown in Fig. 9A . As amplitude increases from -5 to 13 deg with increasing train duration from 10 to 50 ms (inset), direction changes from -21 to 7 deg. Horizontal (heavy trace) and vertical (thin) velocity traces are shown for individual movements evoked by trains of 10 ms (Fig. 9B ), 25 ms (Fig.  SC) , and 50 ms (Fig. 9 0) . In addition, the X -Y trajectories of nine movements are shown superimposed for each train duration (insets). Inspection of the velocity profiles indicates that varying train duration differentially affects the major (horizontal) and minor (vertical) components of the movement. For example, varying train duration at this site affects both the duration and peak velocity of the horizontal component but only the duration of the vertical component. As a result, changes in train duration can alter the relative size and timing of the horizontal and vertical components. Changes in movement direction and, in many cases, curved trajectories (Fig. 9B) are the result.
Effects of varying stimulation frequency
Changing the frequency of the stimulation train has pronounced effects on the velocity of evoked movements. Figure movement depends upon the duration of the stimulation train (see Figs. 5 -8)) for any given train duration, the reduction in velocity leads to a corresponding decline in amplitude. This is illustrated in Fig. 11 , which plots the relationships between amplitude and train duration for the same data shown in Fig. 10 . Due to the decrease in velocity, longer trains are required to produce movements of comparable Fig. 11 D shows that a 14-deg movement is elicited by a 20-ms train at 500 pulses/ s (amplitude: 13.6 _ + 1.9 deg; peak velocity: 734 t 25 degl s; duration: 35 t 5 ms), or a 40-ms train at 250 pulses/s (amplitude: 13.5 _ + 2.0 deg; peak velocity: 599 t 18 deg/ s; duration: 47 t 7 ms). The ability to trade the effects of train duration and frequency to produce movements of comparable amplitude suggests that the amplitude of a stimulation-induced movement might be best related to the number of pulses in the stimulation train. When the data shown in Fig. 11 are replotted as a function of the total number of pulses in the train (Fig. 12) , comparison of the relationships for the two frequencies indicates that the number of stimulation pulses is in fact a reasonably good predictor of movement amplitude. For visually guided saccades, differences in peak velocity are associated with changes in saccade amplitude according to the relationship shown in Fig. 2C . As shown in Fig. 3 , differences in velocity that are independent of changes in saccade amplitude are observed also for visually guided saccades. If the features of stimulation-induced movements are to be related to those of visually guided saccades, then, the and lower stimulation frequencies. Figure 13 illustrates this effects of stimulation frequency on peak velocity are more in more detail by plotting the means of peak velocity (Fig. analogous to the velocity differences illustrated in Fig. 3 . 13A), movement amplitude ( Fig. 13 B) , and movement duAs shown in Figs. 11 and 12, manipulating collicular activity ration (Fig. 13C ) as a function of increasing stimulation by varying stimulation frequency can affect movement ve-frequency for a site at which stimulation frequency was varlocity independently of amplitude. For example, in Fig. 11 A, ied over a considerable range. For this site, peak velocity B, and D, the size of the largest movement that could be increases monotonically, from -550 to 700 deg/s, with inproduced from these sites is nearly the same for the higher creasing stimulation frequency from 200 to 500 pulses/s (range is highlighted by filled symbols). Over the same frequency range, movement amplitude is unchanged (Fig.  13B ) due to decreases in movement duration (Fig. 13C) . Note that the compensatory decline in movement duration reflects a mechanism intrinsic to the neural circuitry activated by the stimulation train, not an experimental manipulation (decrease) of train duration. Termination of the movements represented in Fig. 13 is not due to offset of the stimulation train; most movements ended before the end of the stimulation train and, of those that did not, only those that ended < 15 ms after stimulation offset are included in the analysis. Figure 13 , D-G, illustrates qualitative changes in the velocity profiles associated with the changes in peak velocity that result from varying stimulation frequency. Comparing averaged velocity profiles for movements evoked by trains of 500 pulses/s (open symbol) with those for movements evoked by 400 (Fig. 13D), 300 (Fig. 13E) , and 200 ( Fig.  13 F) pulses/s ( filled symbol) demonstrates a systematic change in the relative symmetry of the velocity profile. As tends to be true for visually guided saccades ( see Fig. 3 ), for a given amplitude, the velocity profiles of slower movements are more asymmetric due to prolongation of the deceleration phase.
Although not in parallel with the declines in peak velocity, significant declines in maximum movement amplitude may occur as stimulation frequency is lowered. For example, as shown in Fig. 13 , trains of 100 pulses/s produce movements of smaller amplitude even though train duration is not a limiting factor. A diminished amplitude is also apparent in Fig. 11 C, which shows that the maximum amplitude pro- Table 3 summarizes the effects of frequency for these and all other sites at which multiple stimulation frequencies were tested. The means of amplitude, peak velocity, and duration, as well as those for direction and latency are tabulated. To ensure that differences in the properties of the evoked movements reflect the effects of stimulation frequency alone, the analysis includes only movements that ended before or < 15 ms after stimulation offset to minimize or eliminate any effect of train duration. All of the entries in Table 3 indicate an effect of stimulation frequency on peak velocity, most on maximum amplitude, and several are good examples of the relative independence of the effects that changing stimulation frequency has on the amplitude and peak velocity of the evoked movements. In many cases, there is a range over which amplitude changes little, or not at all, whereas peak velocity changes substantially. Already discussed in this context is the first entry (site taMma: See Fig. 13, A-C) .
Similarly, site tal9ma illustrates no change in amplitude (ANOVA; P > 0.05) with changes in stimulation frequency whereas peak velocity changes by > 100 deg/s, a difference that is statistically significant (ANOVA; P < 0.001) . The results of a single-factor ANOVA indicate a main effect for stimulation frequency on peak velocity for all sites ( 14114; P < 0.001 ), whereas effects on movement amplitude and duration are significant for 12/14 sites.
Although significant for most sites ( lO/ 14) at the P < 0.001 level, the effect of frequency on movement direction is relatively minor, being < 10 deg in all but three cases. In contrast, varying stimulation frequency produces large, systematic, effects on movement latency. In general, the higher the frequency of stimulation, the shorter the time between stimulation and movement onset. Effects on latency are present for all stimulation sites (ANOVA; P < 0.001) and, for several, the difference in mean latency exceeded 100 ms for the lowest and highest frequencies tested. Figure 14 illustrates the effect of frequency on movement latency for two sites. For each site, horizontal position and velocity profiles (Fig. 14, A and B) for movements evoked by trains of 200 (thin traces) and 500 ( heavy traces) pulses/s are shown in relation to stimulation onset at t = 0 (3 movements are superimposed for each frequency). In addition, distributions of latency representing all of the movements evoked from these sites at these frequencies are shown (Fig. 14, C and D) . For both sites, substantial differences in latency are observed for stimulation at these two frequencies. At one site (Fig. 14 A and C), the difference in mean latency is 13 ms (500 pulses/s: 15.1 2 1 ms, y1 = 108; 200 pulses/s: 27.8 t 4.7 ms, y2 = 98) whereas at the other (Fig. 14, B and D) , the difference is 15 ms (500 pulses/s: 17.0 t 2.2 ms, y2 = 54; 200 pulses/s: 32.0 t 7.7 ms, y1 = 73). In addition to changes in mean latency, Fig. 14 shows that variability in onset time is affected by changing the frequency of stimulation. Because continued stimulation is necessary to sustain an ongoing movement, increased variability in latency produces increased variability in movement duration and amplitude as well. For trains that are too brief to produce maximal movements, the sooner a movement begins, the longer its duration and the greater its excursion. Figure 15A illustrates this point by plotting the relationship between amplitude and latency for nine saccades evoked by a train of 50 ms at 200 pulses/s. As shown in Fig. 140 for this site, latency to movement onset was quite variable at 200 pulses/s, ranging from 20 to 50 ms at this train duration. A highly significant inverse linear relationship (P < 0.001) indicates that, the shorter the latency, the greater the amplitude of the evoked movement. The position and velocity traces for six of these .mposed in Fig. 15 B to further illustrate saccades are superi this relat ionship.
DISCUSSION
Contrary to the results of early microstimulation studies of the primate SC (Robinson 1972; Schiller and Stryker 1972), we find that varying the duration or frequency of a stimulation train applied to the SC produces systematic alterations in the properties of evoked eye movements. These results confirm and extend more recent findings suggesting that, in addition to the site of activity, temporal aspects of collicular activity contribute to determining the properties of a saccadic eye movement (Lee et al. 1988; Schiller and Sandell 1983; Sparks and Mays 1983; Van Opstal et al. 1990 independent signals relating to saccade displacement and velocity are represented within the spatial and temporal aspects of collicular activity.
lated (see Ranck 1975 for review). Estimates of the relationship between current level and effective current spread are not available for the SC. Thus it is not possible to know what proportion of the collicular efferent population might Assumptions regarding the effects of microstimulation that, for any given region of the brain, current strength is Although numerous studies have employed microstimulation of the SC to generate saccadic eye movements, little is the primary determinant of the size of the population that is known about the spatial distribution and temporal profile of the collicular activity evoked by a given electrical stimulus. Thus to draw inferences about the role of the SC in saccade generation based on microstimulation results, one must make certain assumptions about the effects of microstimulation on collicular projection neurons. For this study, it is relevant to consider the effects that varying the duration and/or frequency of stimulation might have on the size of the active collicular population and on the duration and frequency of firing of neurons within the activated population. It is known be directly activated by a given electrical stimulus. We did not vary current in this study, therefore, we assume that, for a given stimulation site, the effective current spread remained relatively constant. excitation& increased by presenting multiple pulses at frequencies that would permit temporal summation of postsynVarying the frequency of stimulation may exert a direct effect, and an indirect effect, on the vigor of collicular activity. Frequency exerts a direct effect by influencing the firing rate of cells within the area of effective current spread, and an indirect effect, by increasing the activity level and size of a population that is activated synaptically. The route by which the latter occurs is not known, but, McIlwain ( 1982) has shown that stimulation at a single site in the cat SC may activate collicular efferent neurons 53 mm remote from the stimulating electrode. The extent of synaptically mediated &tic effects (see also, Asanuma et al. 1976 ; Jankowska et activated directly by microstimulation.
It has been shown that the minimum current strength required to activate directly a neuron increases in proportion to the square of its al. 1975). Assuming a similar phenomenon occurs in the primate SC, we expect that increasing the frequency of stimdistance from the stimulating electrode (Alexander and ulation leads to an increase in the number of neurons that Delong 1985; Stoney et al. 1968) . Although this relationship are simultaneously active as well as an increase in the firing seems to hold for different brain regions, for a given current rates of active cells. strength, the radius of effective current spread will depend It is assumed that the duration of evoked activity is on properties that are specific to the neuropil being stimucommensurate with the duration of the stimulation train. A straightforward relationship between train duration and evoked activity is suggested by the results of intracortical microstimulation of primary motor cortex demonstrating that repetitive stimulation elicits sustained trains of both direct and indirect (i.e., synaptically mediated) efferent volleys from pyramidal cells (Asanuma et al. 1976; Jankowska et al. 1975; Stoney et al. 1968) , Nevertheless, this is an unproven assumption for the SC and, as discussed below, alternative assumptions are considered in interpreting the present results.
Last, we point out that microstimulation of the SC does not activate (at least not in the usual sense) oculomotorrelated structures that might influence eye movements in parallel with the SC (e.g., FEF, cerebellum). Thus even given certain assumptions about the properties of evoked collicular activity, one must recognize that, under natural circumstances, a similar collicu lar output might not produce an identical behavioral result. Despite these caveats, the striking degree of similarity between stimulation-evoked and naturally induced saccades suggests that, at least from the perspective of the motoneuron pools that innervate the extraocular muscles, the patterns of neural activity preceding these two classes of saccade must be qualitatively similar. Considered from this perspective, the results of carefully controlled and systematic microstimulation studies can provide important insights into the mechanisms underlying saccade generation. Our results, obtained within the context of the paradigm outlined in METHODS (see Fig. 1 ), demonstrate some very dramatic and reliable effects of varying the duration and frequency of stimulation on the properties of movements evoked from the primate SC. Possible implications for these results for the role of the SC in determining saccade kinematics and dynamics are discussed below.
Implications of microstimulation results for the role of the SC
The results of early primate microstimulation experiments suggested that neither the amplitude, direction, velocity, nor the duration of evoked movements depend on the parameters of microstimulation ( Robinson 1972; Schiller and Stryker 1972) . Given the underlying assumption that the extent, vigor, and duration of evoked activity will be affected by varying one or more stimulation parameters (see above), these results were interpreted as evidence that only the location of activity within a topographically organized motor map, not the temporal aspects of the activity within a given population, specifies information relevant to saccadic programming. It was thought that a saccade of fixed, site-dependent direction and amplitude occurs whenever collicular activity is of sufficient vigor to trigger the downstream circuits that constitute the saccadic pulse generator. The pulse generator, acting upon a site-specific collicular output signal of desired displacement, produces a premotor pulse of appropriate frequency (saccade velocity) and duration (saccade duration).
More recently, a number of studies have yielded results that are inconsistent with those of early microstimulation studies. Both Sparks and Mays (1983) and Schiller and Sandell ( 1983) reported a graded relationship between current strength and the amplitude of movements evoked from single sites within the SC, thus contradicting the all-or-none interpretation and suggesting that the level of collicular activity may be important for specifying saccade amplitude. Subsequently, it was shown that local pharmacological deactivation of SC regions produces substantial reductions in the velocity of visually guided saccades (Hikosaka and Wurtz 1985, 1986; Lee et al. 1988) , however, as demonstrated by Lee et al. ( 1988) , saccades remain accurate due to compensatory increases in duration.
Although stimulation (Schiller and Sandell 1983; Sparks and Mays, 1983) and deactivation (Hikosaka and Wurtz 1985, 1986; Lee et al. 1988 ) studies similarly conflict with earlier microstimulation results (Robinson 1972; Schiller and Stryker 1972) ) they are not entirely consistent with one another. In the case of varying current level, less vigorous collicular activity (lower current strength) produces movements of uncharacteristically small amplitude, whereas the reduction in activity produced by pharmacological deactivation influences the velocity of visually guided saccades, but due to compensatory increases in duration, saccade amplitude is normal. To explain the finding that saccades are normometric despite reductions in collicular activity, Lee et al. ( 1988) proposed that movement vector (amplitude and direction) is computed by averaging the movement tendencies of active cells. However, as noted by Van Opstal et al. ( 1990) ) a vector averaging scheme is not consistent with an effect of current strength (also presumed to affect the level of activity) on movement amplitude, an effect that they verified in a systematic study. However, Van Opstal et al. ( 1990) also noted that such microstimulation studies, including their own, had not examined the possibility that, in addition to the level of activity, the duration of collicular activity is an important determinant of saccade metrics. Specifically, they suggest that, by increasing the duration of collicular activity, it might be possible to compensate for a reduced level of activity to once again produce normometric saccades.
Our findings indicate that, in fact, the site, level, and duration of collicular activity each contribute to determining movement amplitude, direction, velocity, and duration. Although the site of stimulation dictated the maximum size of a movement that could be evoked, movements of smaller amplitude could be evoked by varying train duration below a critical value (i.e., that required to produce the site-specific maximum). Varying the frequency of stimulation had systematic effects on movement velocity; higher frequencies produced movements of higher velocity. By virtue of their primary effects on movement duration and velocity, we found that train duration and frequency could be traded to produce movements of comparable amplitude but with different dynamic characteristics. These results are entirely consistent with the findings of Lee et al. (1988) and, like the results of collicular deactivation, suggest that independent signals relating to desired displacement and movement velocity are derived from the spatial distribution and level of collicular activity, respectively. According to this scheme, a signal of desired displacement (amplitude and direction) is derived from the spatial distribution of activity, the level of collicular activity influences movement velocity, and ongoing collicular activity sustains the movement until the desired displacement is accomplished.
IMPLICATIONS FOR MODELS.
Evidence that the level of collicular activity influences velocity independently of saccade amplitude is not consistent with earlier models of saccadic control. For example, in Robinson's classic local feedback model of the pulse generator (Robinson 1975; Van Gisbergen et al. 198 1; Zee et al. 1976 ) and its variants (e.g., Jurgens et al. 198 1) displacement and velocity are not determined by independent inputs. In these models, the input to the pulse generator specifies the desired eye position (or desired displacement) (Jurgens et al. 198 1) and the pulse generator output specifies saccade velocity (because of a local feedback loop that compares current and desired eye position or displacement, duration need not be encoded explicitly). For these models, the relationship between displacement and velocity (hence duration) is an intrinsic property of the pulse generator and saccade amplitude, velocity, and duration are constrained to covary in accord with its input/output function.
Though these models would not allow for collicular activity to influence saccade velocity independently of displacement, independence of displacement and velocity is accomplished purportedly by changing the gain, and thus the input/ output function of the pulse generator (Robinson 1975; Zee et al. 1976) . Because of the feedback loop, changes in duration compensate for the velocity effects of increasing or decreasing the gain of the pulse generator and saccades remain normometric. In principle, a relatively conservative modification of this class of model would be needed to account for the majority of our findings, as well as the results of Lee et al. ( 1988) . The necessary modification would be one that permits the SC to provide both a site-specific, levelindependent signal of desired displacement (e.g., a vector average) as input to the pulse generator and a signal proportional to the overall level of collicular activity that sets the gain of the pulse generator. Such a mechanism has been suggested recently (Nichols and Sparks 1996) . According to this scheme, a signal proportional to the level of collicular activity sets the gain of the mechanism that determines how excitatory burst neurons (EBNs) of the pulse generator translate signals of motor error into velocity pulses. If the level of collicular activity is low, EBNs fire at a reduced rate, velocity is decreased and duration is increased correspondingly. It is therefore relatively simple to account for our finding that movements having the same site-specific maximum amplitude but different velocities and durations can be produced by trading the frequency and duration of the stimulation train (see Fig. 13 ; Table 3 ) .
A reasonable explanation for the effects of train duration on movement duration and amplitude ( see Figs. 5 -8; Table  2 ) is also possible when considered in the context of models that have a downstream comparator of desired and current displacement. All that is required is the assumption that ongoing collicular activity is necessary to sustain the signal of desired displacement. Failure to sustain this signal, as might be the case with brief stimulation trains, would remove excitatory drive to the pulse generator and result in movement truncation (e.g., see Figs. 5-8; Table 2 ). Furthermore, the fact that stimulation-induced movements terminate despite continued stimulation is parsimonious with such a model because the output of the downstream comparator reduces to 0 when desired displacement and current displacement are equal, an eventuality even if the signal of desired displacement persists indefinitely.
Several more recent models have incorporated evidence that activity in the SC influences velocity independently of displacement. Common to these models is the requirement that the integral of collicular efferent activity be appropriate for the desired displacement. For example, Scudder ( 1988) proposed a model in which the frequency, duration, and integral of the premotor burst is related to the level, duration, and integral of collicular activity. Specifically, this model predicts that, as long as the integral of collicular activity remains constant, the level and duration of collicular activity can be traded to produce faster or slower saccades of comparable amplitude. Even more recently, several models propose that the SC is within a dynamic feedback loop such that the ongoing saccade is represented by continuous changes in the level and/or locus of collicular activity (Munoz et al. 199 1; Optican 1994: Van Opstal and Kappen 1993; Waitzman et al. 199 1) . Because the collicular efferent neurons are proposed to be within the feedback loop, these models predict that changes in the level of efferent activity are compensated for by changes in duration such that the integrated output remains appropriate for the desired displacement.
A strict relationship between the integral of collicular efferent activity and the resultant displacement is a feature that distinguishes this class of model from those described above (i.e., Jurgens et al. 1981; Robinson 1975) . Thus to account for the observation that stimulation-induced movements terminate in a site-dependent manner despite continued stimulation, one must assume that collicular output is curtailed appropriately despite direct microstimulation of the SC. As noted above, the relationship between the duration of microstimulation and the duration of the activity it evokes from the population of collicular efferent neurons is not known. However, in a study examining the properties of stimulation-induced gaze shifts (Freedman et al. 1996) , we have demonstrated that at least a subset of collicular efferent neurons are activated for the duration of the stimulation train; we have shown that head movements persist for the entire duration of the stimulation train well beyond the duration of the gaze shift, which is stabilized by compensatory counterrotation of the eyes. If, as some models suggest, collicular efferent neurons provide a single "gaze-related" signal, rather than separate signals related to eye and head displacement (see Freedman et al. 1996 for discussion), it follows then that cessation of collicular activity is not required for termination of a saccadic eye movement. As discussed above, this is problematic for models that place the comparator within the SC.
We found that the latency of an evoked movement increased with decreasing stimulation frequency ( see Fig. 14 ; Table 3 ), suggesting that the time required to reach a threshold for saccade initiation is influenced by the vigor of collicular activity. Similar findings recently have been reported for stimulation-induced gaze shifts in cats (Munoz et al. 1991; Pare et al. 1994 ). Results suggesting that the level of collicular activity influences latency are consistent with the hypothesis that collicular saccade-related activity, directly or indirectly, causes brain stem omnipause neurons ( OPNs ) to cease firing, thereby releasing the premotor neurons of the pulse generator from a potent tonic inhibition. It has been suggested that the effect of saccade-related activity on OPNs is indirect and mediated through fixation-related cells found in the rostra1 pole of the SC (Munoz and Wurtz 1993). According to this scheme, saccade-related collicular activity inhibits fixation-related collicular activity and thereby removes an excitatory drive that the fixation neurons provide to the OPNs.
The possibility that microstimulation at low frequencies, or with low current strength, does not completely silence collicular fixation-related activity has been proposed as an explanation for the reduced amplitudes of stimulation-induced gaze-shifts in cats (Pare et al. 1994) . Pare et al. ( 1994) reported that, even with prolonged stimulation, movements evoked by low stimulation frequencies or low current levels often were reduced in amplitude. Specifically, they propose that the amplitude of an evoked movement could reflect the relative level of activity among mutually inhibitory collicular sites, the site of stimulation and the fixation zone of the rostra1 pole. Although we have shown that reductions in stimulation frequency can reduce velocity without decrementing amplitude (given a compensatory increase in train duration), there was a limit to the range of frequency over which this was possible. At low frequencies of stimulation we also observed reductions in amplitude that could not be compensated for by increasing train duration ( See Fig. 11 C; Table 3 ).
Given the above, the effects of varying the parameters of stimulation suggest interplay between neural mechanisms that favor and oppose movement, a competition that may be a normal part of saccade generation. This is also suggested by earlier microstimulation studies showing that the current threshold for evoking saccades from the SC is increased during active fixation (Sparks and Mays 1983 ) . Also consistent, permanent or reversible lesions of the SC increase the latency of saccades to visual targets and decrease the frequency of spontaneous saccades (Albano and Wurtz 1982; Albano et al. 1982; Hikosaka and Wurtz 1983, 1985; Mohler and Wurtz 1977; Schiller et al. 1987; Sparks et al. 1990; Wurtz and Goldberg 1972) whereas potentiation of collicular activity by pharmacological or electrical means has the converse effect (Munoz and Wurtz 1993; Sparks et al. 1990) . Despite the parallels between the effects of collicular activity on stimulation-induced and visually guided saccades, it is a given that microstimulation does not faithfully mimic all of the neural events associated with the generation of a saccade, including perhaps, those that contribute to the release of fixation. In many stimulation studies, including our own, a visual fixation target is presented to align gaze before stimulation; stimulation typically is applied soon after offset of the fixation target, before a naturally elicited (spontaneous or visually guided) movement can occur. Whether the interval between the offset of the fixation target and the onset of the stimulation train has an impact on the properties of evoked movements has not been examined systematically. However, preliminary findings (unpublished observations) suggest effects on latency, amplitude, velocity, and duration that are consistent with intuition; for a given set of stimulation parameters, increasing the time between offset of fixation and onset of stimulation leads to a decrease in latency and increases in amplitude, velocity, and duration.
Our observation that the amplitude of a stimulation-induced movement is related to latency ( see Fig. 15 ) is new. A relationship between amplitude and latency emerges because, as we have shown (see Figs. 5-8; Table 2)) the ongoing movement is sustained by collicular stimulation until amplitude saturates. Thus for a train that is too brief to produce the site-specific maximum amplitude, the sooner the eye begins to move, the larger the excursion. It is useful, therefore, to consider the stimulation train as composed of two segments: an initial interval that contributes to reaching a threshold for initiation; and a second interval that influences the time course of the eye movement. At low frequencies of stimulation, the time of movement onset was quite variable and led to corresponding variability in movement amplitude. It is interesting to note that latency and peak velocity demonstrated no obvious relationship (e.g., see Fig.  15B ). This observation is not consistent with models that propose collicular activity is integrated before movement onset and that the duration of time over which activity is integrated has an impact on the velocity of the ensuing movement (Scudder 1988; Van Opstal and Kappen 1993) . Specifically, these models predict that longer latencies would produce movements of higher peak velocity.
Related stimulation studies
Although novel for primates, the systematic effects of varying the duration and frequency of stimulation that we observe are similar to those described in earlier studies of several nonprimate species (cat: Crommelinck et al. 1990; Munoz et al. 199 1; Pare et al. 1994; barn owl: du Lac and Knudsen 1990; rat: King et al. 199 1; Tehovnik 1989) . Common to all of these studies is the ability to modulate systematically the amplitude, velocity, and duration of an evoked movement by varying the parameters of stimulation. For example, du Lac and Knudsen ( 1990) reported similar effects of varying train duration and frequency on head movements evoked by stimulating the optic tectum of the barn owl; head movement amplitude and duration increased with increasing train duration, whereas varying current or frequency produced effects on velocity. As discussed above, similar effects of changing the duration and frequency of stimulation on the properties of combined eye/head gaze shifts evoked from the SC of the cat have been reported previously (Munoz et al. 199 1; Pare et al. 1994 ).
As we observe for the primate, studies in nonprimates suggest that the site of stimulation constrains the effects of stimulation parameters in a manner that is consistent the topographic organization of the SC. Thus du Lac and Knudsen ( 1990) reported that the ' 'characteristic vectors' ' of the evoked movements corresponded with the receptive field tuning of sensory neurons in the region. Similarly, Pare et al. ( 1994) reported agreement between the movement fields of cells with gaze-related activity and the size of the maximal movement that could be evoked from a given site. Furthermore, these studies indicate that the site of stimulation also constrains maximum peak velocity. Similar to the amplitude/ velocity relationships for naturally evoked movements, higher peak velocities were possible for sites that produced larger movements. Our findings also suggest a relationship between maximum peak velocity and site-specific maximum amplitude if, for each site, we consider the movements evoked by the highest frequency of stimulation (e.g., see Fig. 4 ; Table 3 ).
One previous study has reported changes in direction with varying stimulation parameters. Van Opstal et al. (1990) reported that current level influences the direction of evoked movements. We observe changes in direction as a result of varying either frequency or duration. The direction changes produced by changing stimulation frequency are small (usually <lO deg-see Table 3 ), but comparable in magnitude with those observed as a result of varying current level (Van Opstal et al. 1990 ). Van Opstal et al. ( 1990) attribute direction changes to the spatial asymmetries presumed to result from the effects of current level on the size, shape, and center of gravity of the active collicular population. Although it is possible that changing the frequency of stimulation also could have nonsymmetric effects on the spatial distribution of collicular activity, it is equally plausible that the direction changes we observe are due to slight differences in the way separate downstream horizontal and vertical pulse generator circuits are influenced by changes in the level of collicular activity. Varying train duration also produces small, but significant, changes in movement direction (see Fig. 9 ; Table  2 ). In these cases, the changes we observe seem to be due to the differential effects of varying train duration on the time courses of the horizontal and vertical components of the movement ( see Fig. 9 ).
It is likely that the combinations of stimulation sites and parameter ranges tested in early primate microstimulation studies (Robinson 1972; Schiller and Stryker 1972) were not conducive to demonstrating effects like those that we report here. Due to limits set by the site of stimulation, effects of stimulation parameters on the properties of movements are not seen unless parameters are varied within ranges that can be quite limited. For example, effects of train duration on movement duration, amplitude, and velocity (see Figs. 5-8; Table 2 ) are not observed unless train duration is reduced below a critical value that depends on the site and other parameters of stimulation (e.g., frequency). At 500 pulses/s, a frequency commonly used in earlier studies, we find that trains of 550 ms are sufficient to produce movements of -20 deg. At sites for which the maximal movements are relatively small (e.g., < 10 deg), the effects of varying train duration are not obvious unless train duration is varied in a range <30 ms ( see Figs. 7 and 8, A-C). Effects of varying frequency are similarly range dependent.
SUMMARY
The results presented support the hypothesis that, in addition to the location of collicular activity, the level and duration of activity contribute to determining the properties of a saccadic eye movement. These findings contradict the results of early microstimulation studies of the primate SC and contribute to a growing body of evidence suggesting that motor activity in the SC is not strictly an anatomic code for saccade amplitude and direction. Instead, our findings suggest that independent signals relating to desired displacement and saccade velocity are derived from the spatial and temporal aspects of collicular activity. The similarities between these findings and those from microstimulation studies of nonprimate species suggest that similar mechanisms mediate the contribution of collicular activity to the programming of several classes of orienting movements, including eye, head, and body movements.
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